Intrinsic and structural isotope effects in Fe-based superconductors 
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The currently available results of the isotope effect on the superconducting transition temperature 
T c in Fe-based high-temperature superconductors (HTS) are highly controversial. The values of the 
Fe isotope effect (Fe-IE) exponent o?fc for various families of Fe-based HTS were found to be as 
well positive, as negative, or even be exceedingly larger than the BCS value qbcs = 0.5. Here we 
demonstrate that the Fe isotope substitution causes small structural modifications which, in turn, 
affect Tc. Upon correcting the isotope effect exponent for these structural effects, an almost unique 
value of a ~ 0.35 — 0.4 is observed for at least three different families of Fe-based HTS. 

PACS numbers: 74.70.Xa, 74.62.Bf, 74.25.Kc 



The isotope effect on the superconducting transition 
temperature T c traditionally plays an important role in 
identifying the superconducting pairing mechanism. As 
a rule, an impact of the isotope substitution and, conse- 
quently, an involvement of the lattice degrees of freedom 
into the pairing mechanism are determined by comparing 
the isotope effect exponent a = -(AT C /T C )/(AM/M) 
{M is the atomic mass) with the universal value ascs = 
0.5 as predicted within the framework of BCS theory of 
electron-phonon mediated superconductivity. 

In conventional phonon mediated superconductors like 
simple metals, alloys, etc. a, typically, ranges from 0.2 
to 0.5, see, e.g., Ref. [l| and references therein. The 
only exceptions are Ru and Zr exhibiting zero isotope 
effect and PdH(D) with a H (D) = -0.25^ The nega- 
tive isotope effect of PdH(D) is explained, however, by 
the presence of strong lattice anharmonicty caused by 
the double-well potential in the proton (deuteron) bond 
distribution.— This was confirmed by neutron scattering 
data where the large zero point motion of H in compar- 
ison with that of Deuterium results in 20% change of 
the lattice force constants— A similar finding exists in 
organic superconductors where the H(D) isotope effect 
changes sign as compared, e.g., to 34 S, 13 C, and 15 N iso- 
tope replacements, see, e.g., Ref.^and references therein. 
Again, an unusually strong anharmonic lattice dynam- 
ics are attributed to this observation— £ The cuprate 
high-temperature superconductors (HTS) are character- 
ized by a vanishingly small but positive isotope effect 
exponent in optimally doped compounds which increases 
in a monotonic way upon decreasing doping—"— For the 
optimally doped cuprate HTS the smallest value of the 
oxygen-isotope exponent ao ~ 0.02 was obtained for 
YBa 2 Cu 3 07_,5 and Bi 2 Sr 2 Ca 2 Cu30io+,5, while it reaches 
a ~ 0.25 for Bi 2 Sri. 6 La .4CuO 6 + ( 5< 2 -> i ^ In addition, 
it was demonstrated that in underdoped materials ao ex- 
ceeds substantially the BCS limit aecs = 0.5— ' 10 ' 14 It is 
important to note here that the values of both, the oxy- 
gen and the copper isotope exponents in cuprate HTS 
are always positive. Similar tendencies, with the only 
few above mentioned exceptions, are realized in a case of 
conventional phonon mediated superconductors. 

Since the discovery of superconductivity in Fe-based 
compounds few attempts to measure the isotope effect on 



T c in these materials were made. Currently we are aware 
of four papers reporting, however, rather contradictory 
results— Liu et alX — and Khasanov et aZ— £ have found 
a positive Fe isotope effect (Fe-IE) exponent aFe for 
Bao.6Ko.4Fe2As 2 , SmFcAsO0.85F0.15, an d FeSei-z with 
the corresponding values a-p c = 0.34(3), 0.37(3), and 
0.81(15), respectively. Note that a Fc = 0.81(15) for 
FeSei-a; exceeds grossly the BCS value. In the other 
two studies Shirage et al. have reported a negative 
a Fc = -0.18(3) and -0.024(15) for Ba . 6 Ko.4Fe 2 As2±£ 
and SmFeAsOi_j,fii respectively. These controversial re- 
sults are unlikely to stem from different pairing mecha- 
nisms to be realized in different Fe-based superconduc- 
tors. Especially, in the case of Bao.eKo.4Fe 2 As 2 , nom- 
inally identical samples were isotope replaced with one 
exhibiting a positive 1 ^ and the other a negative isotope 
exponent-^ Note, that the sign reversed isotope expo- 
nent seen by Shirage et aZ.— ^ was attributed to multi- 
band superconductivity with different pairing channels, 
namely a phononic one and an antifcrromagnctic (AF) 
fluctuation dominated one— - On the other hand a multi- 
band model cannot exhibit any sign reversed isotope ex- 
ponent even if solely AF fluctuations were the pairing 
glue-li 

In the present study we demonstrate that the very con- 
troversial results for ap e are caused by small structural 
changes occurring simultaneously with the Fe isotope ex- 
change. As such, we decompose the Fe-IE exponent into 
one related to the structural changes ckp e r and the genuine 
(intrinsic) one to arrive at: 
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(1) 



By comparing the c-axis lattice constants for the pairs 
of isotopically substituted samples we observe that ap e r 
is negative for Bao.6Ko.4Fe 2 As 2 and SmFeAsOi-y stud- 
ied by Shirage et al. in Refs. [H and [l?], positive for 
FeSei-a; from Ref. [H and close to for Bap 6 Ko,4Fe 2 As 2 
and SmFeAsO0.85F0.15 measured in Ref. Qjl. By taking 
into account the sign of Qp c r we arrive at the conclusion 
that a™* is positive for all so far studied Fe-based HTS. 

Our motivation to separate the isotope coefficient into 
the above mentioned two components, see Eq. ([1]), stems 
from the fact that superconductivity in these compounds 
is intimately related to small structural changes as re- 
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TABLE I: Summary of Fe isotope effect studies for FeSei-x Ref. [l8|, SmFeAsO0.85F0.15 and Bao.6Ko.4Fe2As2 Ref. [IH, 
Bao.eKo.4Fe2As2 Ref. [l6| and SmFeAsOi-i Ref. Il7l . The parameters are: T c - superconducting transition tempreature for 
the sample with the natural Fe isotope ( na Fe); QFe - Fe isotope effect exponent; c - the c-axis lattice constant for the sample 
with the lighter ( hght Fe) and the heavier ( hoavy Fe) Fe isotope; Ac/c - the relative shift of the c-axis constant caused by the Fe 
isotope substitution; ap c r and a 1 ^ - the structural and the intrinsic contributions to «F e . See text for details. 
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FIG. 1: (color online) Dependence of the superconducting 
transition temperature T c on the height of the anion atom 
(ZiAn, An=As, Se, P) for varios families of Fe-based HTS, 
after Mizuguchi et a/.—). The closed symbols represent the 
samples which are relevant for the present study. The lines 
are guided for the eye. The red (blue) area represents part 
of T c vs. ZiAn diagram where T c increases(decreases) with 
increasing ft An- 



ported in various works. As an example, we mention 
the strong nonlinear dependence of the superconduct- 
ing transition temperature on the anion atom height 
(ZiAn, An=As, P, or Se) with a sharp maximum of T c 
at ZiAn — 1-38 A, see Mizuguchi et al£L and Fig. Q] 
The influence of the Fe isotope substitution on the crys- 
tal structure, on the other hand, was first considered by 
Granath et al^ based on the results of Raman studies 
of CaFeAsOi-a; and NdFcAsOi-a; and further confirmed 
by Khasanov et alr^ in neutron powder diffraction ex- 
periments on 54 Fe to 56 Fe substituted FeSei-z. 

The c-axis lattice constants for the pairs of 
Fe isotope substituted samples Ba .6K .4Fe 2 As2, 
SmFeAs O0.85F 0.15, SmFeAsOi_y, and FeSei-a, studied 
in Refs. Il5l - tl8l are summarized in Table [J] The choice 



of the c-axis lattice constant as the relevant quantity 
in deriving the structural isotope effect might appear 
to be rather arbitrary since T c is influenced by all 
structural details, namely tetrahcdral angle, a-axis 
lattice constant, internal bond lengths, etc. However, 
the c-axis lattice constant provides a very sensitive probe 
since its comprcssion(expansion) is directly accompanied 
by the corresponding variation of the distance from 
the Fe-planes to the above (below) lying anions^ - — 
which, in turn, is a well characterized property for many 
Fe-based compounds.— From Table [I] it is obvious that 
in Bao.6Ko.4Fe2As2 and SmFeAsOo.ssFo.is^ the c-axis 
constants are the same within the experimental error 
for both isotopically substituted sets of the samples^ 
In FeSei_a~ the c-axis constant is larger, while in 
Bao.6Ko.4Fe2As2^ it is smaller for the sample with the 
heavier Fe isotope. In SmFeAsOi-y, studied by Shiragc 
et al.£L both c-axis lattice constants seem to coincide 
within the experimental resolution. However, since the 
difference between them is 1.5 times larger than one 
standard deviation, it is conceivable to attribute an 
increase in the c-axis lattice constant in SmFeAsOi_ y 
with the heavier Fe isotope. 

The use of the empirical T c vs. ZiAn relation from 
Ref. Hi] combined with the intrinsic relation of the pro- 
portionality between the c-axis constant and the anion 
atom height (Ac oc Ah An, see Refs. [231425] ) enables us 
to determine the sign of the structurally related shift 
of T c induced by isotopic exchange. By defining the 
shift of a given quantity X as AX/X = ( llghtpc X — 

YFc AT)/ YFc AT and following Mizuguchi et al£^, see 
also Fig. □ the sign of (AT c /T c )/(Ah An /h An ) is pos- 
itive for SmFeAsO(F) as well as for various Fe-based 
HTS belonging to ReFeAsO(F) family (Rc=Nd, Ce, La) 
and negative for (BaK)Fe2As2 and FeSei-^. Conse- 
quently the change of the c-axis constant caused by Fe 
isotope substitution as presented in Table [I] results in 
an additional structurally related shift of T c being pos- 
itive for FeSei_ x ?i£ negative for Bao.6Ko.4Fe2As2 and 
SmFeAsOi-y , 16 ! 17 and close to for Bao.6Ko.4Fe2As2 
and SmFeAsOo.ssFo.is^ It is rather remarkable that the 
corresponding "structural" Fc-IE exponents a* would 
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lead to the shift of genuine (intrinsic) a 1 ^ in the direc- 
tion of 0.35-0.4, see Fig.H 

Note that the above mentioned discussion allows only 
to determine the sign of the structurally related isotope 
effect but not the absolute value. The reasons are the fol- 
lowing. First, the relative change of the c-axis constant 
is proportional, but not identical to the one of ZiAn- As 
an example, 56 Fe to 54 Fe isotope substitution in FeSei-a; 
leads to an increase of the c-axis constant by approxi- 
mately 0.02%, while the change of the Se height amounts 
to ~ 0.22%, see Ref. Second, the height of the anion 
atom is clearly not the only parameter which is crucial for 
T c of Fe-based HTS as already mentioned above. How- 
ever, the lack of a consistent structural characterization 
limits this study to a single parameter which was empha- 
sized to be of uppermost relevance to T c . 
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FIG. 2: (color online) Fe isotope effect exponent ap c as a 
function of the superconducting transition temperature T c 
for the samples considered in the present study: FeSei-a; 
Ref. GJ, Ba .6Ko.4Fe 2 As2 and SmFeAsOo.ssFo.is Ref. QJ, 
Ba .6Ko.4Fe 2 As2 Ref. 03, and SmFeAsOi-* Ref. Q3. Ar- 
rows indicate the direction of the shift from the "intrinsic" 
Fe-isotope effect exponent a'p^ ~ 0.35 — 0.4 caused by the 
structural effects, aecs = 0.5 is the BCS value for electron- 
phonon mediated superconductivity. See text for details 

The analysis of the structural data together with the 
dependence of T c on Se height in FeSei_ x , as well as 
on Se(Te)-Fe-Se(Te) angle and the a-axis constant in 
FeSei-yTe^ for y < 0.5 admits to extract the "struc- 
tural" Fe isotope effect exponent a* ~ 0.4 for 56 Fe to 
54 Fe substituted FcSci-^ samples^ The absence of pre- 
cise structural data complicates the precise analysis as 



outlined in Refs. However, a zero, within the ex- 

perimental accuracy, Fe isotope shift of the c-axis lattice 
constant for Bao.6Ko.4Fe2As2 as reported by Liu et alw& 
is a clear indication that no structural effect is present 
for this particular set of the samples. Consequently, 
the negative isotope effect exponent ap c ~ —0.18 ob- 
tained for nominally identically doped Bao.6Ko.4Fe2As2 
by Shiragc et alJ£ stems from summing both effects, i.e., 
-0.18(a Fe ) = 0.35(a^) - 0.52(cvff e r ), see Eq. ©. It is 
important to recognize that for SmFeAsO (F) a similar 
analysis is impossible since samples with different dop- 
ing levels (different T c 's, see Table Q] and Fig. ^ were 
studied in Refs. [HI andQj]. 

Recently Bussmann-Holder et al^Z- investigated a mul- 
tiple gap scenario of superconductivity in Fe-based HTS 
with the aim to search for possible sources of the isotope 
effect on T c . Typical phonon mediated scenarios were 
contrasted to polaronic effects and found to have very 
different impacts on the isotope effect. While phonon 
mediated superconductivity slightly suppresses the iso- 
tope effect as compared to the BCS value cibcs = 0.5, 
polaronic effects can largely enhance it. The scenario of 
electron-phonon mediated superconductivity within the 
dominant gap channel predicts a T c independent isotope 
effect with the a value being slightly smaller than 0.5 thus 
agreeing rather well with that observed for FeSei-^f 1 ^ 
Bao.6Ko.4Fe 2 As2^^ and SmFeAs0 . 85 Fo.i5^ Indeed, 
for these particular samples, which belong to 3 different 
families of Fe-based HTS and have T c 's between 8 and 
44 K, the "intrinsic" Fe isotope exponent is almost con- 
stant with aj£ ~ 0.35 - 0.4, see Table Hand Fig. H As 
such, the independent on T c value of ctp* would suggest 
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-0.4 for SmFcAsOi_ x studied by Shiragc et al 



17 



To conclude, the currently available Fe isotope effect 
data on the superconducting transition temperature T c 
for various Fe-based HTS were reanalyzed by separating 
the measured Fe-IE exponent ctFe into a structural and 
an intrinsic (unrelated to the structural changes) compo- 
nent. Accounting for the empirical relation between T c 
and the anion atom height h^rr^ we have demonstrated 
that the structural contribution to the Fe-IE exponent is 
negative for Bao.6Ko.4Fe2As 2 and SmFeAs0i_ 2 - studied 
by Shiragc et aZ ) 16 ' 17 positive for FeSei-zj 1 ^ and close to 
for SmFcAsO0.85F0.15 and Bao.6Ko.4Fe2As2 measured 
by Liu et alr^ By taking such corrections into account 
we infer that the value of the genuine Fc-IE exponent is 
close to ctp^ ~ 0.35 — 0.4 for compounds belonging to 
at least three different families of Fe-based HTS. We are 
convinced that the analysis presented in our paper helps 
in clarifying the existing controversy on the isotope effect 
in Fe-based superconductors. 
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